Abstract We recorded event-related potentials (ERPs) to investigate the interhemispheric difference of the N170 component for upright and inverted face perception in detail in fifteen healthy subjects. This is the first ERP study focusing on interhemispheric differences for face perception by showing faces in the hemifield. The face inversion effect, the prolonged latency and enhanced amplitude were found in both hemispheres. We found that the peak latency of the N170 following both upright and inverted face stimulation showed no significant difference between each hemisphere, though the N170 latency for the inverted face in the left hemisphere was shorter than that in the right hemisphere. The N170 recorded from the hemisphere ipsilateral to the stimulated hemifield showed unique findings. The interhemispheric time difference of the N170 between the right and the left hemispheres when the inverted face was presented in the left hemifield was significantly shorter than in the other three conditions. This unique finding may indicate that the conduction time from the right to the left for inverted face perception is faster than the other conditions, or that the left hemisphere specifically processed the inverted face very rapidly after receiving signals from the right hemisphere. If the N170 was generated by some, at least two, temporally overlapping activities, the different style of a summation of these activities may cause the unique findings found in this study. In conclusion, by presenting face stimuli in the hemifields, we could identify several new findings regarding the N170 component related to the face inversion effect.
Introduction
An object with a distinctive top and bottom is difficult to recognize upside down: the reaction time is delayed, and the accuracy of recognition is decreased. This change caused by inversion is particularly remarkable for human faces, a phenomenon called the ''face inversion effect'' [1] [2] [3] [4] [5] . In event-related potential (ERP) studies, many reports have shown that the amplitude of a face-specific component (N170) is larger for inverted faces than for upright faces [6] [7] [8] [9] [10] [11] [12] . The longer latency and increased amplitude of the face-specific potential is termed electrophysiological ''face inversion effect''. It has been generally believed that inverted faces require more neural activity to process and are processed more slowly than upright faces [6] . In other words, the prolonged N170 latency for an inverted face is due to a longer structural encoding process for inverted faces [13] . Itier et al. [12] showed that delay of the N170 latency occurs for all categories, not only human faces, but the increase of N170 amplitude by inversion is unique to human faces. They hypothesized that the inversion effect on N170 amplitude might be produced by activities related to eye processing.
In functional magnetic resonance imaging (fMRI) studies [14, 15] , when viewing an inverted face, subjects showed increased blood oxygen level dependent (BOLD) signals not only in face-specific regions but also in regions for general objects in the ventral area. By contrast, some studies have reported that the face-specific area in the fusiform gyrus (Fusiform Face Area: FFA) showed less activation for inverted faces than for upright faces [16] [17] [18] .
Many studies on human face perception have identified an interhemispheric difference; that is, the right hemisphere is more dominant for face processing. Psychological data has shown perceptual bias toward the left half of the face (left visual hemifield) [19, 20] . Some clinical data supports right hemisphere dominance for face perception (e.g. prosopagnosia [21] and in split-brain patients [22] ). In physiological studies using fMRI, right FFA was activated more than left FFA [23, 24] . Using ERP and MEG, most subjects evoked larger components for face in the right hemisphere than the left [10, 11, [25] [26] [27] [28] [29] .
In order to investigate the interhemispheric difference in face perception, it is necessary to provide a stimulus in a visual hemifield, but most previous studies provided a stimulus in the central field. To our knowledge, in the field of electrophysiological research only two studies have reported on the face inversion effect following stimulation of a hemifield. McCarthy et al. [30] , using data on intracranial ERP from epileptic patients, found that face-specific potential from the ventral face area, their N200, responded faster to upright faces than to inverted faces in the right hemisphere, whereas in the left hemisphere, it responded to inverted faces with no delay. Using magnetoencephalography (MEG), Watanabe et al. [31] found that the facespecific potential recorded from the right hemisphere was shorter in latency for upright faces than for inverted faces, but the opposite results were found in the left hemisphere. These reports concluded that the right hemisphere responded more rapidly to upright faces, and the left hemisphere responded more rapidly to inverted faces. However, such dominance for inverted faces in the left hemisphere was not reported in ERP studies using N170. In addition, though McCarthy et al. [30] and Watanabe et al. [31] showed such a tendency, no significant latency difference between upright and inverted face stimulation was clarified in the left hemisphere, so the left hemisphere dominance for inverted face perception was not yet determined.
Recently, Watanabe et al. [31] and Itier et al. [32] proposed that the N170 of ERP and the face-specific component recorded by MEG are generated by different mechanisms. That is, the former mainly reflects the radially oriented dipole in the lateral temporal region and the latter reflects the tangentially oriented dipole in the inferior temporal region. Therefore, recording ERPs following stimulation of the hemifields may shed new light on the mechanism underlying the face inversion effect, which MEG and neuroimaging studies cannot show. Though a large number of ERP studies have been conducted on face perception, there have been no reports providing images of faces in the hemifield except for Watanabe et al. [31] . However, since they placed only a few EEG electrodes and focused on MEG findings, they could conclude little from their ERP results.
Therefore, in this study, we tried to clarify the interhemispheric difference in ERP in the perception of upright and inverted faces in more detail by placing many electrodes to investigate scalp topography. This is the first systematic ERP study to provide upright and inverted faces in the visual hemifield.
Methods

Subjects
Fifteen right-handed normal volunteers (7 females, 8 males) ranging in age from 25 to 45 years (mean, 31.5) with normal or corrected-to-normal visual activity participated in the study. All subjects gave informed consent to participate in the experiment which was first approved by the Ethics Committee of the National Institute for Physiological Sciences, Okazaki, Japan.
Visual Stimulation
Two hundred different images of upright and inverted faces with a neutral expression were used for the experiment. All images were gray-scaled and unfamiliar to the subjects. The stimuli were delivered in a pseudorandom order across subjects, with each stimulus being presented for 250 ms with a random inter-stimulus interval ranging from 1,800 to 2,200 ms in the designated visual hemifield. We made fifty scrambled faces, whose luminance was the same as the original faces, by replacing the 160,000 dots of an image, and presented them during the inter-stimulus interval (Fig. 1) . The luminance and contrast of the scrambled faces were identical to those of the original source (mean luminance, 7.9 cd/m 2 ). Every stimulus was projected to the screen at visual angle of 7.0 degrees · 7.0 degrees subtended to the subject's eyes.
Procedure
Subjects were seated in a comfortable chair in a shielded room and were instructed to fixate on a point at the center of the screen. The monitor was 21 in. in size and located 140 cm from the subject's eyes. The stimuli were presented via a personal computer (DELL Dimension XPS T750r) and monitor (Sony GDM-F520). Stimuli were projected in the left or right hemifield offset at an angle of 3.0 degrees from the central point of fixation (a red light 0.2 degrees in diameter) to the edge of each face, that is, the center of the image was 6.5 degrees (3.0 + 7/2 degrees) from the fixation point (Fig. 1) .
Recording of ERP
ERPs were recorded by averaging electroencephalograms (EEGs) using a Neuropack MEB 2200 system (Nihon Kohden, Tokyo, Japan) through non-polarizable Ag/AgCl electrodes. EEG electrodes were placed at Fz, Cz, T3, T4, C3, C4, Pz, P3, P4, T5, T5¢ (left temporal area, 2 cm below T5), T6, T6¢ (right temporal area, 2 cm below T6), O1, and O2 based on the International 10-20 System. The reference electrode was placed on the chin [27, 31, 33] . Vertical and horizontal electrooculograms (EOGs) were also recorded. A ground electrode was placed on the forehead. The impedance of all electrodes was kept at less than 5 kW. The window of analysis was 800 ms post-stimulus onset, and a pre-stimulus baseline of 200 ms was used. The EEG and EOG were recorded simultaneously with a bandpass of 0.1-50 Hz and digitized at a rate of 1,000 Hz. No digital filter was applied offline. Epochs in which signal variations were larger than 80 lV in EEGs and EOGs were excluded from the averaging. We presented 50 stimuli in each condition. In total, 7.71% of the data were rejected. The EEGs were baseline-adjusted relative to the mean voltage in the pre-stimulus 200 ms interval.
Data Analysis
The terms ''contralateral hemisphere'' and ''ipsilateral hemisphere'' are used in this paper when describing the hemisphere contralateral and ipsilateral to the side stimulated, respectively. For example, data recorded from the left hemisphere on stimulation of the right hemifield represents results form the ''contralateral hemisphere'', while that recorded from the right hemisphere when a stimulus was presented to the right hemifield represents results from the ''ipsilateral hemisphere''.
A repeated-measures analysis of variance (ANOVA) with stimulus condition (upright face and inverted face), hemisphere (right and left), and electrode (T5 or T6 and T5¢ or T6¢) as factors was used. We selected T5 (T6) and T5¢ (T6¢) as the representative electrodes, since it is there that N170 was most clearly identified [34, 35] . Then, Greenhouse and Geisser corrections were used for statistical analysis followed by Fisher's protected least significant difference (PLSD) as a post-hoc test. The level of significance was set at 0.05 for all results.
Results
ERP Morphology and P100 Component
Reliable responses were recorded under all conditions. Grand-averaged waveforms elicited by upright and inverted faces presented in the left and right hemifield are shown in Fig. 2a (left hemifield) and b (right hemifield), respectively. Two main components, P100 and N170, were clearly recorded in all the subjects, but we mainly focused on N170, which is considered to be a face-dominant component [11, 36] . In addition, P100 was also analyzed to compare the results with those of N170.
The peak latency and amplitude of the P100 component were extracted as the maximum (positive) amplitude between 70 and 130 ms at the occipital sites in the left and right hemispheres (O1 and O2). The peak latency and amplitude of P100 at selected electrodes were obtained for each recording session in each subject individually, and the results were analyzed by a repeated-measures ANOVA with face orientation (upright and inverted) and hemisphere (right and left) as the factors. There were no significant differences for P100 (Table 1) .
N170 Component
Contralateral Hemisphere
The peak latency and amplitude of the N170 component were extracted as the maximum (negative) amplitude between 150 and 250 ms at the occipitotemporal sites in the left (T5 or T5¢) (Fig. 2b ) and right hemispheres (T6 or T6¢) (Fig. 2a) . The peak latency and amplitude of N170 at selected electrodes were obtained for each recording session in each subject individually (Table 2) . For latency and amplitude, the results obtained were analyzed by repeated-measures ANOVA with face orientation (upright and inverted), hemisphere (right and left), and electrode (T5, T6 and T5¢, T6¢) as the factors. Since N170 was clearly recorded with a much larger amplitude only at T5, T5¢, T6, and T6¢ and a positive deflection was identified at several electrodes around the vertex, we selected T5, T5¢, T6, and T6¢ as the factor electrode. Concerning latency, face orientation (F(1, 14) = 16.909, P = 0.001) was a significant factor reflecting a significantly shorter latency for upright faces than inverted faces in both hemispheres. Neither electrode (F(1, 14) = 3.892, P = 0.069) nor hemisphere (F(1, 14) = 0.118, P = 0.737) was a significant factor. No significant interaction was identified between orientation · hemisphere, orientation · electrode, and hemisphere · electrode. This result indicated that there was no significant interhemispheric difference of latency following the presentation of upright faces or inverted faces.
Concerning amplitude, face orientation (F(1, 14) = 13.133, P = 0.003) was a significant factor reflecting a smaller amplitude for upright faces than for inverted faces in both hemispheres. The effect of hemisphere (F(1, 14) = 4.825, P = 0.045) was also significant, reflecting a larger amplitude in the right hemisphere than the left. Amplitude following the presentation of upright and inverted faces was significantly larger in the right hemisphere than the left (P < 0.02 and P < 0.01 for upright and inverted faces, respectively, between T6¢ and T5¢). The effect of electrode was not significant (F(1, 14) = 0.081, P = 0.780). No significant interaction was identified between orientation · hemisphere, orientation · electrode, and hemisphere · electrode.
Concerning the value of amplitude, paired t-tests were conducted between the responses to upright and inverted faces at each time point and at each electrode. The enlarged ERP waveforms and the p-values at T6, T6¢, T5 and T5¢ are shown in Fig. 3 . In the right hemisphere, at T6 and T6¢, the p-value showed a significance before the peak of N170 and prolonged until approximately 195 ms. By contrast, in the left hemisphere, at T5 and T5¢, a significance started after the N170 peak and was maximal at around 195 ms. These findings indicated that statistical analysis at each time point Fig. 2 The grand-averaged ERP waveforms (n = 15) elicited by stimuli projected in the left (a) and the right (b) hemifield. ERP for upright and inverted faces is shown in thick and dotted lines, respectively. Two main components, a large negative component, N170, at occipitotemporal sites (T5, T5¢, T6 and T6¢ electrodes), and a large positive component, P100, at occipital sites (O1 and O2 electrodes) are identified. For both upright and inverted faces, N170 was longer and larger in the contralateral hemisphere than in the ipsilateral hemisphere. The vertical EOG was also shown. A positive baseline shift identified at frontal electrodes appeared to be affected by the EOG was useful to determine the time-varying shift of activities which was not identified by measuring only peak latency and amplitude.
Ipsilateral Hemisphere
The same statistical analysis was performed for the latency and amplitude of N170 recorded in the ipsilateral hemisphere.
Concerning latency, no significant main effects (orientation, hemisphere and electrode) were found. There was significant interaction with orientation · hemisphere (F(1, 14) = 5.358, P = 0.036). Latency following the presentation of an inverted face was significantly longer in the right hemisphere than in the left (F(1, 14) = 9.523, P < 0.01). No significant interaction was identified between orientation · electrode and hemisphere · electrode.
Concerning amplitude, the effect of face orientation (F(1, 14) = 7.300, P = 0.017) was significant, reflecting a significantly smaller amplitude for upright faces than inverted faces in both hemispheres. The effect of hemisphere and electrode was not significant. No significant interaction was identified between orientation · hemisphere, orientation · electrode, and hemisphere · electrode.
The mean values of the N170 latency for all experimental conditions are given in Fig. 4 in order to better understand the complicated results. The results can be summarized as follows:
(1) When the stimulus was presented in the left hemifield in the contralateral condition, the N170 latency elicited by an inverted face in the right hemisphere (180.8 ms) was longer than that elicited by an upright face (174.6 ms). In the ipsilateral condition for the left hemisphere, probably through the corpus callosum, it took 18.9 ms (199.7 -180.8 ms) following the presentation of an inverted face, which was shorter than the response to the upright face (203.4 -174.6 = 28.8 ms) (P = 0.001). (2) When the stimulus was presented in the right hemifield in the contralateral condition, the N170 latency elicited by an inverted face in the left hemisphere (178.7 ms) was longer than that in response to Fig. 3 The enlarged ERP waveform (n = 15) of contralateral hemispheres (upper) and the paired t-test values (lower) at T5, T5¢, T6 and T6¢ for each sampling point between upright and inverted faces. The ERP waveform for upright and inverted faces is shown in thick and dotted lines, respectively. The scale for the paired t-test is a common logarithm. P < 0.05 was considered to be significant (shown in dotted line). In the right hemisphere, at T6 and T6¢, P-value showed a significance before the peak of N170 and prolonged until approximately 195 ms. By contrast, in the left hemisphere at T5 and T5¢, a significance started after the N170 peak and was maximal at around 195 ms the upright face (174.9 ms). In the ipsilateral condition for the right hemisphere, probably through the corpus callosum, it took 28.8 ms (207.5 -178.7) following the presentation of an inverted face, which was almost the same as that elicited by an upright face (204.4 -174.9 = 29.5 ms).
Scalp Topography
When the left hemifield was stimulated, the N170 activity elicited by an upright face was largest at T6¢, while that in response to an inverted face was largest at T6 and T6¢ (Fig. 5) . This difference was more clearly identified by subtraction topography, indicating activation at T6. By contrast, when the right hemifield was stimulated, the activation of N170 was largest at T5 for both the inverted and upright images. Subtraction topography showed no clear difference in terms of the region activated between the responses to the upright and inverted faces.
Discussion
In this study, we analyzed the temporal neural activity elicited by the presentation of images of upright and inverted faces with respect to hemispheric differences. By presenting stimuli in the hemifield, the following new or important findings related to interhemispheric differences, which previous ERP studies presenting stimuli in the central field could not find, were obtained.
(1) Concerning the P100 component, the P100 latency showed no significant difference between each condition. (2) Concerning the latency of the N170 component, on presentation of an upright face, the peak latency of N170 recorded in the left hemisphere following stimulation of the right hemifield (contralateral hemisphere) was almost the same as that in the right hemisphere following stimulation of the left hemifield (contralateral hemisphere). On the other hand, by presentation of an inverted face, the peak latency of N170 recorded in the left hemisphere following stimulation of the right hemifield (contralateral hemisphere) was shorter than that in the right hemisphere following stimulation of the left hemifield (contralateral hemisphere), but the difference was not significant. (3) Concerning the latency difference between contraand ipsilateral hemispheres, the N170 latency was significantly longer in the ipsilateral hemisphere than in the contralateral hemisphere. However, this difference was remarkably shorter than under the other conditions, when the inverted face was presented in the left hemifield. (4) Concerning the amplitude of the N170 component, it was significantly larger in the right hemisphere than the left. The N170 amplitude in the contralateral hemisphere was significantly larger when an inverted In both hemispheres, N170 was longer for inverted than upright faces. In the ipsilateral hemisphere, N170 for an inverted face was shorter in the left hemisphere than the right, whereas for an upright face, there was no such difference face rather than upright face was viewed, particularly in the right hemisphere. (5) Overall, we confirmed that the face inversion effect in ERP, the prolonged latency, and the enhanced amplitude occurred in both hemispheres. However, the interhemispheric difference in the P-value between upright and inverted faces (Fig. 3) indicated that the face inversion effect on N170 amplitude was different between the right and left hemispheres in terms of the temporal period.
First of all, concerning the fact that P100 showed no difference between each condition (finding (1)), we could suppose that the latency difference of N170, which we showed in this study, is not due to a delay in earlier information processing. The finding of the N170 amplitude which was significantly larger in the right hemisphere than the left confirms that the right hemisphere is dominant for face processing in humans. This is consistent with clinical findings in patients with prosopagnosia (see [21] ) and in split-brain patients (see [22] ), neuroimaging studies [23, 24] and electrophysiological studies [10, 11, [25] [26] [27] [28] [29] .
Finding (2) on N170 latency to upright face is new. McCarthy et al. [30] recorded intracranial ERP, and the results regarding their face-specific N200 indicated that the right hemisphere responded faster to an upright face than to an inverted face whereas the left hemisphere responded faster to an inverted face. Using MEG, Watanabe et al. [31] found that event-related magnetic components were shorter in latency when an upright face rather than an inverted face was presented in the right hemisphere, but the latencies of components were faster for an inverted face in the left hemisphere. These reports concluded that the right hemisphere responded more rapidly to upright faces, and the left hemisphere responded more rapidly to inverted faces.
Watanabe et al. [31] hypothesized that the main MEG component for face perception was generated in the inferior temporal region (IT), around the fusiform gyrus, by considering that the dipole generated there should be mainly tangential. Itier and Taylor [11] hypothesized that the generator for N170 was the lateral temporal region (LT), probably around the superior temporal sulcus (STS), and it was different from the generator for the MEG component. Therefore, the difference between the MEG study of Watanabe et al. [31] and the present study can be explained by a difference of generator source. Intracranial recordings by McCarthy et al. [30] appeared also to reflect activities in IT rather than LT. However, it was not clear whether IT in the left hemisphere would respond more quickly to an inverted face than to an upright face in the present study.
Another new and unique finding of the present study was the interhemispheric difference in N170 latency to inverted face; that is, when the inverted face was presented in the left hemifield, the latency difference of N170 between the contralateral (right) hemisphere and the ipsilateral (left) hemisphere (18.9 ms in average) was remarkably shorter than that in other conditions (28.8-29.5 ms). Interhemispheric difference time in this study includes not only the conduction time through the corpus callosum but also the processing time in each hemisphere, since 20-30 ms seems too long for conduction through the corpus callosum. Simply put, this finding may indicate that the conduction through the corpus callosum from the right hemisphere to the left was significantly faster when subjects viewed the inverted face presented in the left hemifield. Another possibility is that the left hemisphere is a dominant hemisphere for inverted face perception, so that the left hemisphere processed the inverted face more rapidly after receiving signals from the right hemisphere. However, it is difficult to determine the reason for this unique finding by the results obtained in this study. Another hypothesis is as follows. Possibly N170 consisted of two temporally overlapping activities, A and B (Fig. 6 ). Supposing the onset latency and duration of components A and B were fixed in any case, the peak Fig. 6 Scheme of one hybrid component that consists of two components. Two components, A and B, were intermingled and the latency of component A was shorter than that of component B. Supposing the onset latency and duration of components A and B were fixed in any case, the peak latency of the hybrid component is regulated by the balance of the amplitude of components A and B. In Case X, the amplitude of components A and B are the same. When the component B is larger in amplitude than component A (Case Y), the peak latency of the hybrid component becomes longer than Case X. When component A is larger than component B (Case Z), the peak latency of the hybrid component becomes shorter than Case X. This is the hypothesis to explain finding (3) (see Discussion in the text). If Case X or Case Y occurred in the right hemisphere, and Case Z occurred in the left hemisphere (or Case Y in the right hemisphere and Case X or Case Z in the left hemisphere), the unique finding (3) can be explained latency of the hybrid component is regulated by the balance of amplitude of components A and B. In Case X in Fig. 6 , the amplitude of components A and B are the same. When component B is larger in amplitude than that of component A (case Y in Fig. 6 ), the peak latency of the hybrid component becomes longer than the Case X. When component A is larger than component B (Case Z), the peak latency of the hybrid component becomes shorter than Case X. If Case X or Case Y occurred in the right hemisphere, and Case Z occurred in the left hemisphere (or Case Y in the right hemisphere and Case X or Case Z in the left hemisphere), the unique finding (3) can be explained (Fig. 6 ). There might be two activities not only in inverted faces shown in the left visual field but also in the other conditions, but this interhemispheric amplitude change was not taken place. Though this hypothesis can be explained mathematically, the obtained results in the present study cannot confirm it.
